Methanopterin (MPT) and its analogs are coenzymes required for methanogenesis and methylotrophy in specialized microorganisms. The methyl groups at C-7 and C-9 of the pterin ring distinguish MPT from all other pterin-containing natural products. However, the enzyme(s) responsible for the addition of these methyl groups has yet to be identified. Here we demonstrate that a putative radical S-adenosyl-L-methionine (SAM) enzyme superfamily member encoded by the MJ0619 gene in the methanogen Methanocaldococcus jannaschii is likely this missing methylase. When MJ0619 was heterologously expressed in Escherichia coli, various methylated pterins were detected, consistent with MJ0619 catalyzing methylation at C-7 and C-9 of 7,8-dihydro-6-hydroxymethylpterin, a common intermediate in both folate and MPT biosynthesis. Site-directed mutagenesis of Cys77 present in the first of two canonical radical SAM CX 3 CX 2 C motifs present in MJ0619 did not inhibit C-7 methylation, while mutation of Cys102, found in the other radical SAM amino acid motif, resulted in the loss of C-7 methylation, suggesting that the first motif could be involved in C-9 methylation, while the second motif is required for C-7 methylation. Further experiments demonstrated that the C-7 methyl group is not derived from methionine and that methylation does not require cobalamin. When E. coli cells expressing MJ0619 were grown with deuterium-labeled acetate as the sole carbon source, the resulting methyl group on the pterin was predominantly labeled with three deuteriums. Based on these results, we propose that this archaeal radical SAM methylase employs a previously uncharacterized mechanism for methylation, using methylenetetrahydrofolate as a methyl group donor.
M ethanopterin (MPT) (
and its derivatives are onecarbon (C 1 ) carrier coenzymes involved in the essential biochemical processes of methanogenesis and methylotrophy performed by specialized archaea and bacteria (1) (2) (3) (4) . MPT is structurally and functionally similar to folate (Fig. 1B) , the canonical C 1 carrier involved in several important biosynthetic processes. Both coenzymes are biologically active in their 5,6,7,8-tetrahydro (H 4 ) (Fig. 1D ) forms and function as C 1 carriers between formyl and methyl oxidation states (1, 5) . Generally, methanogenic archaea use tetrahydromethanopterin (H 4 MPT) for all C 1 metabolism, while methylotrophic bacteria contain an H 4 MPTrelated carrier for their C 1 energy metabolism and H 4 folate presumably for biosynthetic purposes (3) . The one known exception to this is Methanosarcina species, which use both folate and MPT (6) . Despite the similarities between MPT and folate, most of the enzymes that employ each respective coenzyme (7) and the enzymes involved in their biosynthesis (27) are not homologous, indicating that these C 1 carriers evolved independently.
During the biosynthesis of MPT, two methyl groups are introduced at the C-7 and C-9 positions (Fig. 1A) of the pterin ring. These methyl groups distinguish MPT from folate and all other known pterin-containing natural products. Early work suggested that both methyl groups were derived from the methyl group of methionine (8, 9) , and it was proposed that the methylations occurred via traditional S-adenosyl-L-methionine (SAM)-dependent nucleophilic substitution chemistry (10) . However, attempts to identify these putative SAM-dependent methyltransferases associated with MPT biosynthesis in the genomes of methanogens or methylotrophs have not been successful.
An alternate mechanism for the methylations in MPT biosynthesis could involve radical-dependent chemistry. Examples of radical-dependent enzymatic methylations catalyzed by radical SAM superfamily members have recently appeared, and other putative radical SAM methyltransferases have a widespread distribution (11) . Radical SAM enzymes generally have a CX 3 CX 2 C amino acid motif that ligates three of the irons in a four-iron, four-sulfur ([4Fe-4S]) cluster (12, 13) . SAM acts as the fourth ligand to the cluster during catalysis (14, 15) . The first step in a radical SAM enzyme reaction is homolytic cleavage of SAM initiated by electron transfer from the reduced [4Fe-4S] ϩ1 cluster to the sulfonium group of SAM to produce a 5=-deoxyadenosyl radical (Ado-CH 2 ·) (see Fig. S1 in the supplemental material). Ado-CH 2 · then abstracts a hydrogen atom from the respective substrate, generating 5=-deoxyadenosine (Ado-CH 3 ) and a substrate-based radical that undergoes further chemistry (44) .
Through genomic comparisons, we identified a gene in some methanogens that encodes a radical SAM enzyme and is in the neighborhood of the gene encoding beta-ribofuranosylaminobenzene 5=-phosphate synthase, an enzyme known to be involved in MPT biosynthesis (16) . Here we demonstrate that the homologous radical SAM enzyme from Methanocaldococcus jannaschii, MJ0619, methylates both the C-7 and C-9 positions of a folate biosynthetic intermediate when heterologously expressed in Escherichia coli, suggesting that MJ0619 is likely the methylase involved in MPT biosynthesis in M. jannaschii.
MATERIALS AND METHODS
Chemicals. 7-Methylpterin, 6,7-dimethylpterin, 6-ethylpterin, 6-ethyl-7-methylpterin, and 6-hydroxyethyl-7-methylpterin were prepared as described previously (9, 17) . 7-Methylfolate and 7,9-dimethylfolate were prepared as described previously (18) except that the product was purified on an anion exchange column. All other reagents were obtained from Sigma-Aldrich.
Cloning of the MJ0619 gene, generation of MJ0619 variants, and recombinant MJ0619 overexpression. The MJ0619 gene (Swiss-Prot accession number Q58036) was amplified by PCR from M. jannaschii genomic DNA using oligonucleotide primers MJ0619-Fwd (5=-GGTGG TCATATGGAGAAAAAAACG-3=) and MJ0619-Rev (5=-GATCGGATC CTTAATCTTCTC-3=). For the generation of cysteine-to-alanine variants, the primers pairs used were MJ0619-M1(C77A)-Fwd (5=-CTGCCC TTATGATGCTGGTCTTTGCCCCAATC-3=) and MJ0619-M1(C77A)-Rev (5=-GATTGGGGCAAAGACCAGCATCATAAGGGCAG-3=) and MJ0619-M2(C102A)-Fwd (5=-GATGTAATTTAAACGCCCCTATATGT TTTG-3=) and MJ0619-M2(C102A)-Rev (5=-CAAAACATATAGGGGC GTTTAAATTACATC-3=). PCR amplification was performed by using an annealing temperature of 55°C. Purified PCR products were digested with NdeI and BamHI restriction enzymes and ligated into compatible sites in plasmid pET19b. Sequencing confirmed the presence of the desired gene in the resulting plasmids, designated pMJ0619, pMJ0619-M1, and pMJ0619-M2. These plasmids were transformed into E. coli strain BL21-CodonPlus(DE3)-RIL (Stratagene), which contains extra copies of genes encoding specific tRNAs that allow increased expression of recombinant proteins from organisms with AT-rich genomes. The transformed cells were grown at 37°C with shaking in Luria-Bertani (LB) broth or M9 broth (200 ml) supplemented with 100 g/ml ampicillin and 400 M ferrous ammonium sulfate. When the cells were grown with L-[methyl-2 H 3 ]methionine (C 2 H 3 -Met), it was added to LB or M9 medium at a concentration of 5 mM. When M9 medium was used, glucose (2%) or [methyl-2 H 3 ]acetate (C 2 H 3 -acetate) (0.3%) was added as a carbon source. When the culture reached an optical density at 600 nm (OD 600 ) of 1.0, recombinant protein expression was induced by the addition of 28 mM lactose. After culturing for an additional 4 to 5 h for cells grown in LB broth or 18 h for cells grown in M9 broth, the cells were harvested by centrifugation (4,000 rpm for 10 min) and stored at Ϫ20°C. Expression of MJ0619 was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoreses (SDS-PAGE) of total cellular proteins and subsequent matrix-assisted laser desorption ionization (MALDI) mass spectral analysis of the band that migrated consistent with the expected molecular weight of 57,351.
Isolation and purification of pterins from E. coli cells. E. coli cell pellets (200 to 400 mg [wet weight]) were resuspended in 1 ml 50% methanol. The suspension was incubated at 100°C for 10 min, followed by centrifugation (14,000 ϫ g for 5 min) to pellet insoluble cell debris. The resulting soluble extract was concentrated by evaporation under a stream of nitrogen gas and applied to a Dowex 50W-8X-H ϩ column (1 by 5 mm). The column was washed with water (300 l), and the pterins were eluted with 6 M aqueous ammonia (300 l). After concentration and evaporation, the desired pterins were further purified by preparative thin-layer chromatography (TLC) on Silica Gel 60 TLC plates (E. Merck) and detected by their fluorescence. In a solvent system consisting of acetonitrile, water, and 88% formic acid (8:2:1), the R f values of the pterins were as follows: 0.56 for 7-methylpterin, 0.36 for 6-hydroxymethylpterin, and 0.69 for 6-hydroxyethyl-7-methylpterin. The area of the plate containing the pterin of interest was removed from the plate and eluted with the TLC solvent. After removal of the solvents by evaporation with a stream of nitrogen gas, the sample was dissolved in 80 l of water for high-pressure liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS) analyses.
Isolation and purification of folates from E. coli cells. After extraction with 50% methanol as described above, the methanol was evaporated, and 200 l rat plasma was added in order to deglutamylate the folylpolyglutamates to folate (19) . The mixture was incubated overnight at 37°C and then centrifuged to remove precipitants. The supernatant was applied to a DEAE-Sephadex A-25 column (2 by 10 mm) equilibrated with water. The column was washed with water and 0.5 M ammonium bicarbonate, and folates were eluted with 2 M ammonium bicarbonate. The ammonium bicarbonate was removed, and the sample was dissolved in water for LC-MS analysis.
Reductive cleavage of pterins and folates. E. coli cells were extracted with 50% methanol as described above. After centrifugation, the methanol was evaporated from the soluble extract, and the resulting aqueous solution was adjusted to 1 M HCl in a total volume of 1 ml. Zinc dust (ϳ10 mg) was added, and the solution was incubated with shaking at room temperature for 10 min (9, 20) . The excess zinc was pelleted by centrifugation (14,000 ϫ g for 5 min), and the resulting pterins were purified as described above. After reduction, further manipulation under aerobic conditions produces the oxidized pterin, which is the form that is subsequently detected via fluorescence and LC-MS. The R f values of the pterins on the TLC plate were 0.66 for 6,7-dimethylpterin, 0.77 for 6-ethyl-7-methylpterin, and 0.58 for 6-methylpterin.
HPLC analysis. A Shimadzu HPLC system with a Pursuit XRs 5 C 18 column (250 by 4.6 mm, 2.6-m particle size; Agilent) equipped with a photodiode array (PDA) detector and a fluorescence detector was utilized for the initial identification of various pterins. The elution profile consisted of 5 min at 95% buffer A (25 mM sodium acetate [pH 6.0], 0.02% sodium azide) and 5% buffer B (methanol), followed by a linear gradient from 5% to 50% buffer B over 25 min at 1 ml/min. The pterins were detected by excitation at 356 nm and emission at 450 nm.
LC-MS analysis. An AB Sciex 3200 Q Trap mass spectrometry system attached to an Agilent 1200 series liquid chromatograph with a Zorbax Eclipse XDB-C 18 column (4.6 by 50 mm, 1.8-m particle size; Agilent) was used for the identification of pterins and folates. For pterins, the elution profile consisted of a 10-min linear gradient from 95% solvent A (25 mM ammonium acetate) and 5% solvent B (methanol) to 35% solvent A and 65% solvent B at 0.5 ml/min. For folates, the elution profile consisted of a 10-min linear gradient from 95% solvent A (0.1% formic acid in water) and 5% solvent B (0.1% formic acid in methanol) to 90% solvent A and 10% solvent B at 0.5 ml/min. MS data were acquired in the positive mode for pterins and in the negative mode for folates. For pterins, electrospray ionization (ESI) was employed at 4,500 V at a temperature of 400°C. For folates, ESI was employed at Ϫ4,500 V at a temperature of 500°C. The curtain gas was set at 35, and ion source gas 1 and ion source gas 2 were 60 and 50, respectively. Standards were used to develop sensitive multiple-reaction monitoring (MRM) methods for the detection of specific pterins and folates (see Table S1 in the supplemental material). Analyst software (Applied Biosystems/MDS SCIEX) was used for system operation and data processing.
Amino acid analysis. The E. coli cell pellet (200 mg) was resuspended in 50% methanol and incubated at 100°C for 10 min, followed by centrifugation (14,000 ϫ g for 5 min). The supernatant was removed, the pellet was resuspended in 1 ml 6 M HCl, and the mixture was incubated at 100°C overnight. HCl was removed by evaporation with a stream of nitrogen gas. Amino acids were purified on a Dowex 50W-8X-H ϩ column (1 by 5 mm) and then converted to their N-trifluoroacetyl methyl ester derivatives for gas chromatography-mass spectrometry (GC-MS) analysis.
Genomic analysis. Analysis of the M. jannaschii genome and comparison to other designated methanogens were carried out by using STRING (21) and EDGAR (Efficient Database Framework for Comparative Genome Analyses Using BLAST) (22) .
RESULTS AND DISCUSSION
Methylation activity of MJ0619. Since M. jannaschii is not yet readily amenable to genetic manipulation, we decided to test our proposal that MJ0619 is the enzyme responsible for the methylation reactions in MPT biosynthesis by cloning and heterologous expression. The MJ0619 gene was cloned into pET19b and was overexpressed in E. coli. Expression of MJ0619, which has an expected molecular weight of 57,351, was confirmed by SDS-PAGE (see Fig. S2 in the supplemental material) and MALDI mass spectral analysis of the tryptic peptides derived from the SDS protein band. Due to the structural similarity between MPT and folate, we reasoned that MJ0619 may methylate folate and/or a folate precursor when expressed in E. coli. To test this, the pterins from E. coli cells containing heterologously expressed MJ0619 (E. coli_MJ0619 cells) were extracted, partially purified, and analyzed by HPLC with fluorescence detection and LC-MS. When isolated under oxidative conditions, a large percentage of H 4 folate undergoes oxidative cleavage to produce pterin as one of the major reaction products (23) . Similarly, 7-methylpterin is observed as a result of oxidative degradation of H 4 MPT (24) . During the biosynthesis of MPT and folate, the pterin is present in the 7,8-dihydro (H 2 ) pterin form (Fig. 1C ). The oxidative degradation of H 2 pterin-containing molecules is more complex and depends on many variables, but the oxidized pterins are also a common product, as seen for H 4 pterin oxidation (Fig. 2) (25, 26) . Only these oxidized forms of pterins were assayed in this work. Based on the above-described logic, if MJ0619 methylated the pterin of H 4 folate or a H 4 folate precursor at the C-7 position, 7-methylpterin would be present in the E. coli cell extract.
Initial observations of the pterins from E. coli_MJ0619 cells by HPLC with fluorescence detection showed a peak with the same retention time as that of authentic 7-methylpterin (see Fig. S3 in the supplemental material). To confirm the identity of 7-methylpterin in the cell extracts, we used LC-MS. An MRM method was developed, which specifically detects 7-methylpterin from the fragment ions generated from the collision-induced dissociation (CID) of the MH ϩ ion. Figure 3 shows the MRM ion chromatogram for authentic 7-methylpterin compared to partially purified pterins from E. coli_MJ0619 cells and E. coli cells containing another recombinant protein from M. jannaschii (MJ0815) unrelated to MPT biosynthesis (E. coli_control cells). E. coli containing an empty pET19b vector was also used as a negative control for the experiments described here (data not shown). The peak at 6.1 min corresponds to 7-methylpterin (Fig. 3) , demonstrating that MJ0619 methylates a pterin substrate at the C-7 position when heterologously expressed in E. coli.
In order to determine whether MJ0619 also methylates the C-9 position of a folate precursor in addition to the C-7 position, we performed a zinc reduction on the cell extract and then isolated the resulting pterins. This procedure reductively cleaves the bond between the 9 and 10 positions associated with the pterin ring (Fig.  2) . LC-MS analysis showed the presence of 6-ethyl-7-methylpterin (Fig. 2) in the zinc-treated E. coli_MJ0619 extracts (Fig. 4) , indicating that MJ0619 methylates both the C-7 and C-9 positions of a pterin substrate. We also assayed for monomethylated pterins in the samples that had been treated with zinc. If MJ0619 methylated the C-7 position first and released the product, 6,7-dimeth- ylpterin would be observed. Similarly, if the C-9 position were methylated first, we would expect to detect 6-ethylpterin after zinc reduction (Fig. 3) . In our analysis, we did not observe 6,7-dimethylpterin or 6-ethylpterin, suggesting that MJ0619 may methylate both positions consecutively.
MPT biosynthetic pathway and determination of the MJ0619 substrate for methylation. The biosynthesis of MPT involves two converging pathways, which are partially depicted in Fig. 5 . Similarly to folate biosynthesis, GTP acts as a precursor to the pterin portion of the coenzyme (27, 28) . The arylamine [5-(4-aminophenyl)-1,2,3,4-tetrahydroxypentane] of MPT is derived from 4-hydroxybenzoate (HB), the nitrogen of aspartate, and 5-phospho-␣-D-ribose-1-diphosphate (PRPP) (27, 29) . When growing cultures are fed 4-aminobenzoic acid (AB), methanogens can incorporate AB directly into the arylamine. The two pathways converge to produce the functional portion of the coenzyme, and a final series of reactions leads to the remainder of the biologically active molecule (30) . The side chain containing the phosphate and ␣-hydroxyglutarate is absent from the MPT found in the methylotrophic bacterium Methylobacterium extorquens, and this truncated form of the coenzyme has been termed dephospho-MPT (3).
The point in the pathway at which the methylations occur remains unclear and appears to vary between different methanogens (8) (9) (10) . Before this study, existing evidence from experiments with extracts from methanogens not closely related to M. jannaschii, Methanobacterium thermoautotrophicum strain ⌬H, M. thermoautotrophicum strain Marburg, and Methanosarcina thermophila, was consistent with methylation occurring in one of the final steps of H 4 MPT biosynthesis (10) . Specifically, the substrate was suggested to be demethylated H 2 MPT (Fig. 5) . This prompted us to speculate that the MJ0619 substrate for methylation in E. coli would be H 2 folate, with 7,9-dimethyl-H 2 folate as a product. To test this, we isolated intact folates from E. coli_MJ0619 cells and compared the sample to synthetic 7-methylfolate and 7,9-dimethylfolate by LC-MS (see Fig. S4 and S5 in the supplemental material). In our analysis, folate and N 10 -formylfolate were observed in the cells, but no methylated folates were detected. The folate profile of the E. coli_MJ0619 cells was analogous to that of the E. coli_control cells (see Fig. S4 in the supplemental material). We also did not detect methylated pteroic acid (folate precursor lacking the glutamate side chain) in the E. coli_MJ0619 cell extracts, indicating that the methylations must occur before the pterin is condensed with AB.
One common intermediate in folate and MPT biosynthesis is 6-hydroxymethyl-H 2 pterin (Fig. 5) . Therefore, we decided to assay for 6-hydroxyethyl-7-methylpterin in E. coli_MJ0619 cells in order to determine if the methylations were taking place at this stage in the pathway. The LC-MS MRM chromatogram for chemically synthesized 6-hydroxyethyl-7-methylpterin compared to the pterin extract from E. coli_MJ0619 cells and E. coli_control cells (Fig. 6) demonstrates the presence of 6-hydroxyethyl-7-methylpterin only in the E. coli_MJ0619 cells. Therefore, the substrate for methylation by MJ0619 in E. coli is likely 6-hydroxymethyl-H 2 pterin. These results indicate that the methylation reactions occur earlier in the MPT biosynthetic pathway in M. jannaschii than reported for other methanogens. Since we have not identified any methylated folates in the E. coli cell extracts, the methylated intermediate is likely not a substrate for the subsequent enzyme(s) in folate biosynthesis.
Cysteine-to-alanine variants in the radical SAM motif. The MJ0619 gene codes for two canonical CX 3 CX 2 C radical SAM amino acid motifs (C73, C77, and C80, and C98, C102, and C105). To determine the role of each motif, we generated two variants in which the middle cysteine in each motif was separately converted to an alanine. In the C77A variant, 7-methylpterin was still observed in the E. coli cell extract (see Fig. S6A in the supplemental material). However, in the C102A variant, no methylation activity was observed (see Fig. S6B in the supplemental material), indicating that the latter position is involved in binding the requisite [4Fe-4S] cluster for radical SAM-dependent methylation at the C-7 position. Importantly, we did not observe C-9 methylation with either of these variants. This suggests that the most N-terminal cluster (C73, C77, and C80) could be involved in C-9 methylation and that C-7 methylation must occur before C-9 methylation.
Methylation mechanism. A subgroup of recently characterized radical SAM methyltransferases involved in secondary metabolite biosynthesis in bacteria contain a vitamin B 12 (cobalamin)-binding motif and require cobalamin for activity (13, (31) (32) (33) (34) . These enzymes are thought to use one molecule of SAM in typical radical SAM fashion to produce Ado-CH 2 · for substrate radical formation (see Fig. S1 in the supplemental material) and another molecule of SAM as a methyl group donor with a methylcobalamin intermediate that mediates the transfer of a methyl radical to the respective substrate. MJ0619 does not contain a cobalamin-binding motif, but to confirm that it does not require cobalamin for activity, we grew E. coli_MJ0619 cells in M9 minimal medium. Under these conditions, E. coli does not have access to cobalamin, since it cannot synthesize the coenzyme de novo (35). 7-Methylpterin was detected in E. coli extracts grown under these conditions (see Fig. S7 in the supplemental material) . Therefore, MJ0619 does not require cobalamin for activity.
The best-characterized radical SAM methyltransferases are RlmN and Cfr, homologous bacterial enzymes that methylate an adenosine residue in 23S rRNA. Initial work on these enzymes showed that SAM acts both as a source of Ado-CH 2 · and as a methyl group donor in the methylation reactions (36) . Later, extensive mechanistic and crystallographic studies revealed that RlmN catalyzes an initial S N 2 nucleophilic substitution reaction to methylate a cysteine residue on the enzyme and uses subsequent radical SAM-dependent chemistry to generate a methyl group on the rRNA substrate (37) (38) (39) . In the latter reaction, the methyl group that is appended to the adenosine residue retains only two hydrogens from the original SAM-derived methyl group. Early work on MPT methylation in two methanogens, Methanobrevibacter ruminantium (40) and Methanococcus voltae, grown with C 2 H 3 -Met, indicated that both methyl groups at C-7 and C-9 were derived from methionine with the retention of all three deuteriums (8, 9) . These observations led us to the conclusion that methylation in MPT biosynthesis does not proceed by a mechanism analogous to that of RlmN. In order to test this idea, we grew E. coli_MJ0619 cells in M9 medium supplemented with C 2 H 3 -Met and analyzed deuterium incorporation into 7-methylpterin by LC-MS. Under these conditions, completely unlabeled 7-methylpterin was observed, but surprisingly, no deuterium incorporation was detected. The amount of labeled methionine incorporated into the E. coli proteins was about 40% based on GC-MS analysis, proving that the C 2 H 3 -Met was indeed incorporated into the cells. We also performed several experiments to ensure that the deuteriums in chemically synthesized 7-C 2 H 3 -pterin do not exchange with the solvent.
E. coli_MJ0619 cells grown with C 2 H 3 -acetate as the sole carbon source, however, readily led to 7-methylpterins containing the following distribution of deuterium: 21% 2 H 0 , 12% 2 H 1 , 28% 2 H 2 , and 39% 2 H 3 . These labeling experiments indicate that the source of the methyl group is not methionine. Therefore, the methylation reaction mechanism catalyzed by MJ0619 from M. jannaschii is completely different from the methylations in MPT biosynthesis in M. ruminantium and M. voltae. Genomic comparison of M. jannaschii to these two methanogens revealed that only about 40% of M. jannaschii genes are homologous to genes in M. ruminantium or M. voltae. Some of the nonhomologous genes encode known methanogenic coenzyme biosynthesis proteins in M. jannaschii, including genes for MPT biosynthesis, indicating that these methanogens use different enzymes and different chemistries for some essential biochemical processes. Therefore, the mechanism and enzyme(s) required for methylation in MPT biosynthesis likely vary among different methanogens.
At this point, our data demonstrate that the methyl group is not derived from methionine and that cobalamin is not involved in the pterin methylation reaction catalyzed by MJ0619. We next wanted to determine whether CH 3 2 H 3 . This result is strikingly different from the labeling distribution that we observed for the methyl group of 7-methylpterin isolated from the same cells, in which the majority of the molecules contained three deuterium atoms. This result indicates that the methyl group added by MJ0619 is not derived from CH 3 H 4 folate.
The distribution of deuterium labeling on the methyl group of the 7-methylpterin isolated from E. coli_MJ0619 cells grown in medium containing deuterated acetate as a carbon source is comparable to the distribution of labeling that we previously observed for the methyl group of thymine when E. coli was grown with deuterated serine as a sole carbon source (41) . Thymine is synthesized from dUMP to generate dTMP by thymidylate synthase. In this reaction, N 5 ,N 10 -methylene-H 4 folate (CH 2 H 4 folate) serves as a methylene group donor as well as a hydride ion donor to generate the final methyl group on dTMP. dUMP is activated for nucleophilic attack through the formation of a covalent cysteine adduct. We propose that MJ0619 catalyzes a similar type of methylation reaction using CH 2 H 4 folate as a methyl group source. Since the H 2 pterin substrate in the MJ0619-catalyzed reaction cannot be activated by a covalent cysteine intermediate, we propose that activation is achieved instead via substrate radical formation.
In our proposed mechanism depicted in Fig. 7 , Ado-CH 2 ·, generated via typical radical SAM chemistry, abstracts a hydrogen atom from the C-7 position of 6-hydroxymethyl-H 2 pterin (compound 1) to produce a substrate-based radical (compound 2). The substrate radical then attacks the methylene of the iminium form of CH 2 H 4 folate (compound 3) to generate a radical cation and a covalent bond between the two substrates (compound 4). Addition of a proton and an electron generates compound 5. Abstraction of a proton initiates the collapse of this intermediate to generate a methylene at the C-7 position of the pterin (compound 6). Hydride from the C-6 position of H 4 folate (compound 7) then attacks the methylene to give the final methylated product (compound 8). The folate product (compound 9) can reenter normal folate metabolism, in which reduction by H 2 folate reductase yields H 4 folate (compound 10) and catalysis by serine hydroxymethyltransferase yields CH 2 H 4 folate (compound 11).
This mechanism is well supported by our isotopic labeling data obtained with E. coli_MJ0619 cells grown in C 2 H 3 -acetate medium. GC-MS analysis showed that serine generated from C 2 H 3 -acetate contains primarily one deuterium at the C-3 position, which is used to generate CH 2 H 4 folate (compound 11). This methylene group, which mostly contains one deuterium, can be further enriched with deuterium by its oxidation to methenyl-H 4 folate (compound 12) and reduction back to CH 2 H 4 folate with NADP 2 H. This reversible reaction represents the source of the second deuterium incorporated into the methyl group of the observed 7-methylpterin. The NADP 2 H generated by isocitrate dehydrogenase when E. coli is grown with C 2 H 3 -acetate contains a deuterium that is used to reduce H 2 folate to generate H 4 folate (compound 9 to compound 10). The C-2-labeled isocitrate for this reaction arises via deuterated acetyl coenzyme A and deuterated succinate after two turns of the citric acid cycle. The hydride at the C-6 position of compound 7 produces the final methyl group in our proposed mechanism and is the source of the third deuterium. These pathways explain our observation that most 7-methylpterin isolated under conditions with C 2 H 3 -acetate as the sole carbon source contains 3 deuteriums. The pathway from C 2 H 3 -acetate to serine and finally to CH 2 H 4 folate contains intermediate metabolites where deuterium is in a solvent-exchangeable position; therefore, a range of deuterium labeling is observed in the isolated 7-methylpterin.
Here we have shown that CH 2 H 4 folate is likely the methyl group donor for the MJ0619-catalyzed methylation reaction when the enzyme is heterologously expressed in E. coli. Since M. jannaschii and other methanogens do not have folate, this implies that MPT, in the CH 2 H 4 MPT form, may be a cofactor in its own biosynthesis. Precedent for this phenomenon is found in pyridoxal 5=-phosphate biosynthesis (42) and thiamine biosynthesis (43) . This use of CH 2 H 4 folate as a methyl group donor is unusual in biochemistry and has been described previously only for the thymidylate synthase-catalyzed reaction.
Future studies will shed light on this previously undescribed radical mechanism for methylation and determine the true methyl group donor. We have purified recombinant MJ0619, and experiments are being carried out to test the ability of the enzyme to catalyze the methylation of MPT precursors.
ACKNOWLEDGMENTS
This work was supported by National Science Foundation grant MCB0722787 awarded to R.H.W.
We thank Walter Niehaus for assistance with editing the manuscript,
FIG 7
Proposed mechanism for H 2 pterin methylation at the C-7 position catalyzed by MJ0619. C-9 methylation would occur by analogous chemistry. The substrate pterin is shown in blue, and the folate methyl group donor is shown in black. D is 2 H (deuterium), and R is remainder of the folate or MPT coenzyme (Fig. 1 
